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Open access under the ElHerein we present results on the oscillatory dynamics in the bromate–oxalic acid–acetone–Ce(III)/Ce(IV)
system in batch and also in a CSTR. We show that Ce(III) is the necessary reactant to allow the emergence
of oscillations. In batch, oscillations occur with Ce(III) and also with Ce(IV), but no induction period is
observed with Ce(III). In a CSTR, no oscillations were found using a freshly prepared Ce(IV), but only when
the cerium-containing solution was aged, allowing partial conversion of Ce(IV) to Ce(III) by reaction with
acetone.
 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Oscillating reactions are ubiquitous in nature, controlling sev-
eral natural processes such as hormone cycles, circadian rhythms,
cardiac function, insulin secretion, and many others. The natural
cycles are still to have been fully understood but several in vitro
oscillating reactions play a pivotal role serving as model systems
to allow understand the dynamical–mathematical possibilities of
such complex systems and even the chemical requirements neces-
sary to a system show periodic regular, complex and even chaotic
oscillations [1–7].
Chemical oscillators derived from the paradigmatic Belousov–
Zhabotinsky reaction [8–13], comprise most of the investigated
systems. Cerium was employed as the catalyst in the original work
and, despite the considerable number of reports on this system,
it seems there are still some key mechanistic aspects to be
elucidated.
In batch experiments, several researchers reported the use of
Ce(IV) in the presence of oxalic acid as the organic substrate, to-
gether with acetone [14–17] or gas bubbling [18–21] to remove
bromine, which inhibits the oscillations. Otherwise, Ce(III) has
been used by Sevcik and Adamcikova [15,22] and Berenstein
et al. [23] together with several different inert gases or ketones,
respectively, to remove bromine. In ﬂow-through open reactor
(continuous ﬂow stirred tank reactor, CSTR) experiments by Sevcik
and Adamcikova employed Ce(III) [22]. Other authors [24–28] used
Ce(IV) but they report that it was mixed with large excess of oxalic
acid in 1.0–1.5 mol L1 H2SO4, which reduced this ion to Ce(III)
completely. Pereira and Faria reported the observation of oscilla-
tions in the bromate–oxalic acid–acetone–cerium(IV) system in asevier OA license.CSTR but it was necessary that some minimum amount of Ce(IV)
has been converted to Ce(III) [29]. In spite of the considerably
amount of data on the dynamics of this variant of the BZ oscillator,
it can be said that the role played by the cerium ion catalyst has not
yet fully understood. The reason for this is due to the fact that it is
necessary the use of Ce(III) on BZ reactions using oxalic acid occurs
only for experiments in open reactors (CSTR).
In this Letter, we present additional characterization of the bro-
mate–oxalic acid–acetone–Ce(III)/Ce(IV) system operated in batch
and also in a continuous ﬂow stirred tank reactor. The system was
characterized in situ in terms of the simultaneous record of the
spectrophotometric and electrochemical time-traces and the
investigation focused on the role of Ce(III) and Ce(IV) species.2. Experimental
All chemicals were used as received: H2SO4 (Mallinckrodt), oxa-
lic acid – (COOH)22H2O, (Sigma Aldrich, 99.0%), Ce(SO4)2 (Sigma
Aldrich, 98%), Ce2(SO4)3 (Sigma Aldrich, 97%), sodium bromate
(Sigma Aldrich, 99%), acetone (J.T. Baker, 99.7%). Ultrapure water
obtained from a Millipore station (milli-Q water, 18.2 MX cm,
minimum) was used in all solutions and general cleaning. Solu-
tions of Ce(SO4) were initially a bit cloud and were used after some
hours after complete dissolution when, the solution was clear and
no solid observed.
The cylindrical glass reactor, 90 mm high and 47 mm in diame-
ter, was maintained at constant temperature by circulating water
through a glass jacket. A Microquimica (model MQBTC99-20) ther-
mostatic bath was employed and the temperature was monitored
by means of a thermometer (Tec-Lab). All solutions were placed
in jacketed ﬂasks and placed within the thermostatic bath to
maintain the same temperature as the solution inside the reactor.
The Teﬂon reactor cap contains the holes to allow the use of a
Figure 2. Typical time-series for the bromate–oxalic acid–acetone–Ce(IV) system
operated in a CSTR, showing the simultaneous traces at 400 nm, 318 nm and the
potential of a platinum electrode, after the solution C has been stored at room
temperature for about 24 h. [NaBrO3]0 = 0.010 mol L1, [(COOH)2]0 = 0.025 mol L1,
[CH3COCH3]0 = 0.115 mol L1, [Ce(SO4)2]0 = 0.001 mol L1 k0 = 0.0023 s1.
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trophotometer (Ocean Optics, USB4000, light source PX-2) to allow
monitoring at UV–Vis, the platinum electrode and the reversible
hydrogen electrode connected to a multimeter (Minipa, ET2201).
The reference electrode uses as a support electrolyte an aqueous
sulfuric acid solution at the same concentration inside the reactor
and the wet connection is made via a long and thin capillary. Each
reference electrode is used for no more than two days, after that a
new reference electrode is built to eliminate the possibility of con-
tamination of its inner solution through the thin capillary. Further
experimental details can be found elsewhere [30]. For open reactor
experiments (CSTR) two peristaltic pumps (Milan, 640) were used.
The solution in the reactor was mixed by the use of a magnetic stir-
rer (Marconi, MA089) and a magnetic Teﬂon bar 15 mm long and
5.7 mm of diameter. All experiments were performed at 25 ±
0.1 C and with stirring rate of 700 rpm.
The reactions were followed by means of a Pt electrode poten-
tial, measured versus the hydrogen reversible electrode (HRE) and
the absorbances at kmax = 318 nm (Ce(IV), e = 5500 mol1 L cm1)
[16] and 400 nm (Ce(IV), e = 800 mol1 L cm1) [31]. At these
wavelengths some absorption could also be attributed also to Br2
(k = 320 nm, e = mol1 L cm1; k = 400 nm, e = 172 mol1 L cm1)
and Br3 (k = 320 nm, e = 4900 mol
1 L cm1; k = 400 nm, e = 496
mol1 L cm1) [32].Figure 3. Typical time-series for the bromate–oxalic acid–acetone–Ce(III) system
operated in a CSTR, showing the potential of a platinum electrode. [NaB-
rO3]0 = 0.010 mol L1, [(COOH)2]0 = 0.025 mol L1, [CH3COCH3]0 = 0.115 mol L1,
[Ce2(SO4)3]0 = 0.0005 mol L1, k0 = 0.0059 s1.3. Results and discussion
Figure 1 shows oscillations in batch for the bromate–oxalic
acid–acetone–Ce(IV) system. Regular oscillations were observed
after an induction period of about 900 s and die out at about
3000 s.
No oscillations were observed when freshly prepared Ce(IV)
solution was used in experiments in a CSTR. In this case, three solu-
tions were fed to the reactor: solution A (oxalic acid and H2SO4),
solution B (bromate and H2SO4), and solution C (acetone, Ce(SO4)2
and H2SO4). Following the procedure adopted in Ref. [29], we left
solution C at room temperature for about 24 h. During this period,
solution C slowly turned from yellow to colorless as result of the
conversion of Ce(IV) to Ce(III). Figure 2 show oscillations registered
when the aged solution C is used. These results were obtained for
k0 = 0.0023 s1 and comparable oscillations were also found for
k0 = 0.0034 s1 and otherwise identical conditions. Focusing onFigure 1. Typical time-series for the bromate–oxalic acid–acetone–Ce(IV) system
operated in batch, showing the simultaneous traces at 400 nm and at 318 nm and
the potential of a platinum electrode. [NaBrO3]0 = 0.010 mol L1, [(COOH)2]0 = 0.025
mol L1, [CH3COCH3]0 = 0.115 mol L1, [Ce(SO4)2]0 = 0.001 mol L1, [H2SO4]0 =
1.42 mol L1.the short term evolution of the time-traces depicted in Figure 2,
it is seen that the time-series registered at 318 nm and 400 nm
shows in-phase oscillations and the maximum in theses series cor-
responds roughly to the middle of the ascending part of the oscil-
lation in the electrode potential. Moreover, the EPt drops slowly,
and in two steps, after reaching the maximum and remains at con-
siderably high values whereas the absorbances decreases fast and
remain at high values for a short period. Regardless the non-spe-
ciﬁc nature of electrochemical probes, the strategy of simulta-
neously measure different quantities is important to permit more
reliable comparison with simulated time-series.
The hypotheses that part of the Ce(IV) is converted to Ce(III) is
now tested. Figure 3 shows result of the oscillations in the EPt for a
typical CSTR experiments using a just-prepared cerium(III) solu-
tion. The three solutions employed in these experiments were:
solution A (oxalic acid, acetone and H2SO4), solution B (bromate
and H2SO4), and solution C (acetone, Ce2(SO4)3 and H2SO4).
In addition, we have also carried out experiments in batch using
Ce(III). Results presented in Figure 4 further evidences that the use
of Ce(III) completely eliminates the induction period, and this con-
trast with that is seen when Ce(IV) is used, c.f. Figure 1. The num-
ber of oscillations is however similar to that observed in the
presence of Ce(IV). Finally, the comparison between results given
in Figures 3 and 4 reveals that the period, amplitude, and the gen-
eral morphology of oscillations are quite comparable, irrespective
to the operation mode, at least for the ﬁrst, say, ﬁve cycles of the
system operated in batch.
Altogether, our results unambiguously show that Ce(III) is the
necessary reactant to allow the emergence of oscillations in the
bromate–oxalic acid–acetone–cerium system. In batch, oscillations
Figure 4. Typical time-series for the bromate–oxalic acid–acetone–Ce(III) system
operated in batch, showing the potential of a platinum electrode. [NaBrO3]0 = 0.010
mol L1, [(COOH)2]0 = 0.025 mol L1, [CH3COCH3]0 = 0.115 mol L1, [Ce2(SO4)3]0 =
0.0005 mol L1, [H2SO4]0 = 1.42 mol L1.
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in the ﬁrst case no induction period is observed. In a CSTR, no oscil-
lations were found when a freshly prepared Ce(IV) was employed;
oscillations under those conditions were found when the cerium-
containing solution was aged for about 24 h. During this period
Ce(IV) slowly reacts with acetone and it is partially converted to
Ce(III).
The comprehensive investigation undertaken here has mainly
two interesting implications. Concerning the previous studies
reporting the use of Ce(IV) it can be stated that oscillations were
only found if part of the catalyst was converted to Ce(III), even if
this fact is not explicitly stated. The second implication of our ﬁnd-
ings concerns the induction period usually observed in most exper-
iments carried out in batch. For classical BZ systems with malonic
acid, the induction period is explained as the time necessary to
accumulate bromomalonic acid, which will be a source of control
species Br. For the oxalic acid BZ modiﬁed system acetone plays
the role of remove bromine, which inhibits the oscillations and
the Br- control species comes from the oxidation of oxalic acid by
HOBr [16]. As the use of Ce(III) eliminates the induction period,
we can understand that this is the time necessary to convert some
of the Ce(IV) to Ce(III) when Ce(IV) is the catalyst.
This can be true in the range of concentrations we have used but
other authors have observed the presence of an induction period
when using Ce(III) and different types of ketones or when they re-
duced the initial concentration of acetone [23]. It means that the
induction period is the time necessary to convert Ce(IV) to Ce(III),
when Ce(IV) is used, but also a time necessary to reduce bromine
concentration by forming bromomalonic acid or bromoacetone as
indicated by other authors [24–28].
4. Conclusions
We conclude that any detailed investigation on the nature of
chemical transformation accompanying the induction period must
be carried with Ce(III) in order to exclude the side reactions asso-
ciated to the conversion of Ce(IV) to Ce(III). In addition, any modelfor this system must be able to reproduce the effect of using each
of these cerium oxidation states on the induction period for the
experiments in batch and the impossibility to observe oscillations
when using Ce(IV) in a CSTR.
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